Transient receptor potential vanilloid channel 3 (TRPV3), a member of the thermosensitive TRP (thermoTRPV) channels, is activated by warm temperatures and serves as a key regulator of normal skin physiology through the release of pro-inflammatory messengers.
Introduction
Transient Receptor Potential (TRP) channels are a superfamily of cation-selective ion channels that are involved in numerous physiological processes 1 . The vanilloid TRP (TRPV) subfamily consists of six members (TRPV1-TRPV6), four of which (TRPV1-TRPV4) are involved in temperature sensing and therefore referred to as thermosensitive TRPV (thermoTRPV) channels. In addition to heat, thermoTRPV channels are also modulated by synthetic and natural ligands as well as lipids [2] [3] [4] [5] [6] [7] [8] [9] [10] . Although the thermoTRPV channels share >50% homology, each channel possesses a distinct functional and pharmacological profile that enables integration of a multitude of different stimuli into a finely tuned response 1, 11, 12 .
In contrast to other thermoTRP channels, TRPV3 sensitizes, rather than desensitizes, upon repeated stimulation with either heat or agonists [13] [14] [15] . Notably, TRPV3 sensitization is inherent to the channel and independent of the modality of the stimulus. The channel undergoes hysteresis, which irreversibly lowers the energetic barrier for activation, resulting in a faster rate of activation and higher open probability 15 . TRPV3 is most abundantly expressed in epidermal and hair follicle keratinocytes where it plays a key role in maintenance of normal skin physiology 13, 16, 17 . Activation of TRPV3 in keratinocytes has been shown to lead to release of pro-inflammatory messengers, and several 'gain-of-function' mutations in trpv3 have been found to cause the human congenital skin disorder Olmsted syndrome, characterized by bilateral mutilating palmoplantar keratoderma, periorificial keratotic plaques, and hair loss with follicular papules [18] [19] [20] [21] [22] [23] [24] [25] . Therefore, TRPV3 plays essential roles in epidermal proliferation, differentiation, survival, hair growth, and the development of itch sensation 26 . Several small-molecule inhibitors of TRPV3 have demonstrated analgesic properties in inflammatory and neuropathic pain models 27, 28 .
High-resolution structures of thermoTRPV channels captured in various states along the gating cycle have been critical to understanding the molecular underpinnings that govern both general and individual functional modalities of thermoTRPV channels [29] [30] [31] [32] [33] . However, as the structure of TRPV3 has yet to be determined, a large gap currently exists in our mechanistic understanding of thermoTRPV channel sensitization in activation and regulation. To fill this knowledge gap, we determined the cryo-EM structures of human TRPV3 in apo and sensitized states at ~3.4 Å and ~3.2 Å resolution, respectively. We additionally determined three conformationally distinct states of TRPV3 in the presence of the agonist 2aminoethoxydiphenyl borate (2-APB), at resolutions ranging from ~3.5 -4 Å, where we observe a departure from the canonical four-fold symmetry previously reported for most thermoTRPV structures ( Fig. 1a, Fig. 2, Supplementary Figs. 1-3 ). Together, these structures illustrate the importance of -helical segments in the transmembrane domain of TRPV3 in dictating the conformational landscape during sensitization and gating.
Results

Extensive screening of various TRPV3 homologs and mutants identified human TRPV3
containing the point mutation T96A as optimal for structural studies (see Methods).
Characterization of both T96A and wild-type channels confirmed that the T96A mutation did not significantly alter the ligand-dependent gating profile of the TRPV3 channel ( Fig. 1c-d , Supplementary Fig. 4 ). Whole-cell electrophysiological recordings show that TRPV3 T96A channels are functionally active and sensitize to repeated applications of the agonist 2aminoethoxydiphenyl borate (2-APB; 30 μM) with a sigmoidal time course of sensitization, similar to wild-type channels ( Fig. 1c-d ). There were no significant differences between sensitization parameters for both the time course and extent of sensitization for wild-type and T96A channels, indicating the T96A mutation does not alter agonist-induced hysteresis of gating and subsequent sensitization of TRPV3 ( Supplementary Fig. 4 ).
Architecture of human TRPV3
We determined the structure of full-length, human TRPV3 T96A , hereafter simply referred to as TRPV3, in the closed apo state to ~3.4 Å using cryo-electron microscopy (cryo-EM) (see Methods) ( Fig. 1a and Table 1 ). The TRPV3 channel, like other thermoTRPV channels (TRPV1, TRPV2 and TRPV4 [30] [31] [32] [33] , is a four-fold symmetric homotetramer. Each monomer contains an amino-(N-) terminal cytosolic ankyrin repeat domain (ARD) and a domainswapped transmembrane domain (TMD) comprising six transmembrane helices (S1-S6). The TMD and ARD are connected via the coupling domain (CD), which consists of the linker domain, pre-S1, and the carboxy-(C-) terminal domain (CTD). The TMD consists of a voltage sensor-like domain (VSLD) containing helices S1-S4, and a pore domain comprising helices S5, S6 and the pore helix. The VSLD and the pore domain are connected via an S4-S5 linker, which mediates the domain-swap configuration. In addition, the channel contains a TRP domain (Fig. 1b ). The stabilizing T96A mutation, located N-terminal to the ARD in a region (residues 1-117), was not resolved in our 3D reconstructions ( Supplementary Fig. 1 ).
Comparison of our closed, apo TRPV3 structure to the previously determined apo structures of the TRPV1 30 (PDB 3J5P), TRPV2 31 (PDB 5AN8) and TRPV4 33 (PDB 6BBJ) channels reveals several new and notable features. First, the high quality of the TRPV3 EM density map has allowed us to build the most complete thermoTRPV CTD to date (residues 707-754), a region that was not well resolved in the cryo-EM structures of TRPV1, TRPV2 or TRPV4 [29] [30] [31] [32] [33] . The most N-terminal region of the CTD, which extends from the TRP domain into the cytosol, forms a short α-helix similar to that observed in TRPV4 33 , but in contrast to the loops observed in TRPV1 and TRPV2 29, 30, 32 (Fig. 1b ). The CTD extends into the cytosol, forming a short two-stranded β-sheet before adding an additional strand to the β-sheet of the CD. In contrast to previously characterized TRPV channel structures, the C-terminal end of the CTD encircles the CD and loops across the peripheral side of the CD to interact with the ARD of the neighbouring protomer ( Fig. 3a ). This extended CTD establishes previously unobserved intra-and inter-subunit interactions that may serve a functional role (see "The CTD mediates inter-protomer contacts" section for further discussion). Second, the selectivity filter (SF, residues 636-640) of TRPV3 is lined with backbone carbonyls, whereas the SFs of TRPV1 and TRPV2 are occluded by hydrophobic amino acid side-chains, such as methionine. Similarly to the SF in TRPV4, the TRPV3 SF is sufficiently wide (~7 Å) to permeate a semi-hydrated calcium ion ( Fig. 3b ). Third, we previously predicted that the presence of π-helices in the strategically important S4-S5 linker and S6 in TRPV channels likely acts as transient flexible hinge points that facilitate channel gating 31 . Indeed, apo TRPV3 possesses a π-helix in the S4-S5 linker, whereas S6 is fully α-helical ( Fig. 3c ).
The sensitized state of the TRPV3 channel
In order to elucidate the molecular mechanism underlying TRPV3 sensitization, we determined the ~3.2 Å cryo-EM structure of TRPV3 that had been sensitized with the agonist 2-APB via a sensitization protocol developed in-house using electrophysiological results (see Methods, Supplementary Fig. 2 ). Comparison of this sensitized structure to the apo state did not reveal any substantive structural changes, with a 1.2 Å C root mean square deviation (R.M.S.D.). However, closer inspection of the pore revealed that 2-APB sensitization resulted in the formation of a π-helix in S6 and a consequent change in register of the pore-forming residues ( Fig. 4a ). Specifically, while the α-helical S6 in apo TRPV3 imposes a narrow constriction at residue M677, the sensitized TRPV3 contains a π-helix that begins at residue F667 and changes the register of the S6 helix, resulting in a constriction at I674 ( Fig. 4a-b ).
In addition, the C-terminal half of the S6 helix in the sensitized structure is bent at a ~9° angle towards the inner pore when compared to the S6 in the apo structure ( Fig. 4c ). This bend is caused by the disruption of interactions between the S6 and the S4-S5 linker of the neighboring protomer, in the vicinity of the vanilloid binding site in TRPV1 29, [34] [35] [36] [37] . In the apo structure, where the S6 helix is entirely α-helical, two pairs of interactions are present between S6 and the S4-S5 linker: one between residue N671 in S6 and the backbone carbonyl of Y575 located in the S4-S5 linker, and the other between the hydroxyl group of Y575 and the backbone amide of M672 within S6. Together, these interactions between S6 and the S4-S5 linker stabilize a straight, -helical conformation of S6 (Fig. 5a ). The register shift in S6 of the sensitized structure disrupts these interactions, releasing S6 and allowing it to bend away from the S4-S5 linker. In this structure, residue N671 faces the pore and appears to stabilize the π-helix by interacting with the backbone carbonyl of V666. (Fig. 5b) .
Notably, N671 is the only polar residue in the S6 helix of TRPV3 ( Fig. 5c ) and we observe here that it adopts distinct positions depending on the functional state of the channel: either facing the S4-S5 linker in the apo state, or facing the pore in the sensitized state. This suggests that, in addition to introducing a flex point into S6, the α-to-π transition also decreases the hydrophobicity of the pore and provides a potential ion coordination site. The high sequence conservation of N671 in TRP channels ( Fig. 5c ) suggests that its functional and structural roles might also be conserved. These observations support our prior proposal that state-dependent α-to-π transitions in S6 occur in thermoTRPV channels 31 , and reflect the α-to-π transition described for TRPV6 channel opening 38 . However, while the transition in TRPV6 was induced by a mutation, the transition in TRPV3 described here represents the first observation of a ligand-induced transition from a low-energy α-to a high-energy π-helix.
Structures of TRPV3 in the presence of 2-APB demonstrate a departure from four-fold symmetry
To elucidate the conformational changes governing transition of TRPV3 from the closed to the open state, we determined structures of the channel in the presence of the agonist 2-APB (TRPV3 2-APB , See Methods). A single cryo-EM dataset yielded three distinct conformations, TRPV3 2-APB 1 , TRPV3 2-APB 2 , and TRPV3 2-APB 3 , ( Fig. 2 , Supplementary Fig. 3 , Supplementary Fig. 5 ), all of which resolved to ~4 Å resolution or better. Strikingly, two out of the three TRPV3 2-APB structures exhibit two-fold (C2) symmetry (TRPV3 2-APB 2 , and TRPV3 2-APB 3 , Fig. 2 ), deviating from the canonical four-fold (C4) symmetry previously associated with thermoTRPV channels 29-33 . Notably, a thorough reanalysis of the apo TRPV3 datasets yielded no evidence of structural species containing symmetries lower than C4 (see Supplementary Fig 1) . The reduced symmetry is conspicuous in the pores of the TRPV3 2-APB 2 and TRPV3 2-APB 3 structures, where movement in the C-terminal region of S6 in diagonally opposing protomers results in asymmetric gate arrangements within the channels ( Fig. 6a-b ).
In TRPV3 2-APB 2 , (Fig. 6a ) the distance between the M677 residues in subunits A and C is ~5.7 Å, similar to the diameter of the closed gate of apo TRPV3 (~5.2 Å). However, in subunits B and D this distance is increased to ~9.1 Å which is similar to the ~9.3 Å diameter measured between gate residues in the structure of TRPV1 bound to double-knot toxin (DkTx) and resiniferatoxin (RTx) 29 . However, TRPV3 2-APB 2 is likely to be non-conductive, as the narrow opening of subunits A and C constricts the pore (Fig. 6b) . It is thus possible that this arrangement of subunits represents an intermediate state. The two-fold symmetry is present not only in the pore of TRPV3 2-APB , but also across the entire channel ( Fig. 2 ).
To better understand how these states deviate from the canonical C4-symmetric organization, we overlaid the sensitized TRPV3 structure with that of TRPV3 2-APB 2 . Due to the domainswapped configuration of the TMDs, each subunit is composed of the VSLD of one protomer and the pore domain of the neighboring protomer. In this arrangement, the S4-S5 linker connects each subunit to its neighbor (Fig. 7a ). The overlay of the sensitized TRPV3 structure with that of TRPV3 2-APB 2 indicates that while TMDs of subunits A and C appear to be nearly identical between the two conformations, the TMDs of subunits B and D in TRPV3 2-APB 2 undergo a ~3° rotation with respect to that of sensitized TRPV3 ( Fig. 7a and Supplementary   Fig. 6 ).
C2 symmetry is also present in the ARDs, where two of the ARDs are rotated with respect to the central axis of the pore and the remaining two assume the same conformation as in the sensitized TRPV3 ( Supplementary Fig. 6 ). Surprisingly however, the deviating ARD is the one coupled to subunit B via the ARD-CTD interface, rather than the ARD directly connected to subunit B via the coupling domain ( Supplementary Fig. 6 ). We therefore reason that this ARD is part of subunit B and that ARDs and TMDs are coupled through the ARD-CTD interface.
A rigid body superposition of the B subunits from the sensitized TRPV3 and TRPV3 2-APB 2 structures results in good alignment (Cα R.M.S.D.= 0.9 Å), with only the S4-S5 linker deviating significantly. This suggests that the S4-S5 linker is the origin of the rotation observed in subunit B of TRPV3 2-APB 2 (Fig. 7b ). Different conformations of the S4-S5 linker were also observed when subunits A and B of TRPV3 2-APB 2 were superposed (Cα R.M.S.D.= 0.9 Å), indicating that this region is the source of C2 symmetry in the TRPV3 2-APB 2 structure ( Fig. 7c ).
Interestingly, an overlay of S5 helices of subunits A and B revealed that their S4-S5 linkers contain π-helices that originate at two different positions: at residue L584 in subunit A and at residue M579 in subunit B (Fig. 7d ). Since the π-helices dictate the angle between subunits, it is likely that the differing positions of S4-S5 π-helices within the tetramer are responsible for the two-fold symmetric arrangement of the channel. Because the break from C4 symmetry is only evident in structures obtained in the presence of 2-APB, we posit that the TRPV3 channel can assume reduced symmetry intermediates. Interestingly, a similar departure from C4 symmetry arising from a rearrangement of the S4-S5 linker was observed in the crystal structure of TRPV2 upon binding RTx 39 . Notably, the gain-of-function mutations that cause Olmsted syndrome are located in the S4-S5 linker and its junctions with the S4b, S3, the TRP domain, and the lower part of S6, underscoring the importance of the S4-S5 linker in TRPV3 channel gating ( Supplementary Fig. 7 ).
Although our reconstructions did not enable unambiguous identification of 2-APB, distinct non-polypeptide densities were observed in both the vanilloid binding pocket as well as in the cavity formed by the VSLD and the TRP domain ( Supplementary Figure 8 ). The latter was recently identified as the binding site for 2-APB in TRPV6 40 , for which it has an inhibitory, rather than activating effect on the channel. However, since both sites are often occupied by putative lipid molecules 29, 31, [41] [42] [43] , it is difficult to determine whether the observed densities belong to the bound ligand or a lipid. Furthermore, the density in the VSLD cavity remains consistent in all of our TRPV3 reconstructions.
The CTD mediates inter-protomer contacts
Notably, TRPV3 contains an extended CTD that has not been resolved in the previously reported cryo-EM structures of TRPV1, TRPV2 or TRPV4 [29] [30] [31] [32] [33] . The distal region of the CTD wraps around the β-sheet of the coupling domain at the interface between two neighbouring protomers, where it contacts the ARD finger 2 (Fig. 3a ). Previous studies have identified numerous residues on the ARD finger 2 that are important for TRPV3 channel gating. 44 . In addition, this region of the ARD has been implicated in binding calmodulin (CaM) and ATP, and biochemical and structural studies of isolated ARDs have further identified the conserved residue K169 as being critical for ATP binding [45] [46] [47] . However, in our structures, we observe that K169 in the ARD of one protomer forms salt bridges with residues E751 and D752 located in the CTD of the adjacent protomer ( Supplementary Fig. 9 ). Therefore, binding of CaM or ATP to the proposed ARD binding site involving K169 would not be possible for the conformations captured in this study, as the CTD and ATP binding sites on the ARDs appear to overlap ( Supplementary Fig. 9 ).
Our structural analyses suggests an important role for the extended CTD in channel gating, specifically in mediating the mechanic coupling of the ARDs and TMs. Interestingly, sequence comparison with other thermoTRPV channels strongly suggests that the extended CTD is a conserved feature in thermoTRPV ( Supplementary Fig. 9 ). In the context of previous studies, it is tempting to speculate that the CTD and CaM/ATP might compete for binding at finger 2 of the ARD and that this competition might be a part of a regulatory mechanism in TRPV3.
Discussion
We determined the structures of the human TRPV3 channel in multiple conformational states, providing a glimpse of putative gating intermediates. The apo structure of TRPV3, despite being closely related to other thermoTRPV channels, shows a number of unique features. Most notably, in contrast to the selectivity filters (SFs) of TRPV1 and TRPV2 30, 31 , which are occluded by side chains of hydrophobic residues, the SF of TRPV3 is lined with backbone carbonyl groups and is wide enough to permeate partially dehydrated cations.
Interestingly, the SF remains mostly unchanged in all the conformational states captured, which suggests that the SF in TRPV3 does not act as a gate, in contrast to TRPV1 and TRPV2.
TRPV3 is unique among TRP channels in that it sensitizes upon repeated application of stimuli. Here we have shown that sensitization of the TRPV3 channel involves a change in the secondary structure of the pore-lining helix S6, which adopts a π-helix. The α-to-π transition in S6 has been predicted to play an important role in TRPV channel gating by introducing a hinge in the S6 analogous to glycine and proline hinges in K + channels 17, 48 .
However, in contrast to the hinges in K + channels which are engineered into the amino acid sequence, the π-helix hinge was predicted to form depending on the functional state of the channel 31 . We propose that the transition from α-to π-helix is an essential component of Supplementary Fig. 10 ). Additional evidence of C4 symmetry departure comes from a recent structure of the closely related TRPV2 channel fully bound to RTx, which also adopted a two-fold symmetric arrangement 39 , suggesting that the ability to enter C2-symmetric states during the gating cycle is a shared feature of thermoTRPV channels. Furthermore, recent cryo-EM studies of the structural transitions of the Na + -activated K + channel Slo2.2 channel upon Na + titration did not reveal intermediate two-fold symmetric arrangements 49 , indicating that TRPV channels may utilize a fundamentally different gating mechanism from architecturally-related K + channels.
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Methods
Protein Expression and Purification of Human TRPV3.
An expression screen of 32 homologs of TRPV3 identified the human TRPV3 as the most suitable candidate for structural studies. To further stabilize hTRPV3, we searched a random mutant library of mouse TRPV3 4 for clones that exhibited either a large 2-APB response or a high baseline in a Ca 2+ -dependent fluorescence assay. We aimed to find mutants with higher expression levels due to increased stability. 50 clones were sequenced, and we introduced 28 point mutations into their corresponding sites in the hTRPV3. We expressed, purified, and tested the biochemical behaviour of these point mutants using size-exclusion chromatography, and found that the T96A mutant showed an improvement in the monodispersity of the full length human TRPV3 channel. The T96A mutation had a high rate of occurrence in tandem with other mutations, but did not appear on its own. Because in our patch clamp recording T96A does not affect the 2-APB response in hTRPV3, we reasoned that the enhanced calcium signals for the clones containing the T96A mutation was either due to the additional mutation present or the increase in the number of channels due to its enhanced stability by the T96A mutation.
A full-length human TRPV3 construct, containing mutation T96A was cloned into a pFastBac vector in frame with a FLAG affinity tag, and baculovirus was produced according to manufacturers' protocol (Invitrogen, Bac-to-Bac). For protein expression, Sf9 insect cells were infected with baculovirus at a density of 1.3 x 10 6 cells ml -1 and grown at 27° C for 72 hours in an orbital shaker. After 72 hours, cell pellets were collected, resuspended in buffer A In preparation of the TRPV3 2-APB sample, Buffer D was supplemented with 1 mM 2-APB.
Following size exclusion, the protein peak was collected and concentrated to 2-2.5 mg ml -1 .
Cryo-EM Sample Preparation.
Cryo-EM grid preparation was performed similarly for each TRPV3 specimen. Briefly, 3 L of purified TRPV3 (0.35-0.5 mg/mL) was dispensed on a freshly plasma cleaned (Gatan Solarus) UltrAuFoil R1.2/1.3 300-mesh grid (Electron Microscopy Services) and manually blotted 50 using a custom-built manual plunger housed in a 4 ˚C cold room (>85% relative humidity). Samples were blotted for 4-5 s with Whatman No. 1 filter paper immediately before plunge-freezing in liquid ethane cooled by liquid nitrogen.
Cryo-EM data acquisition and image processing.
All microscope alignments were performed on a cross-grating calibration grid according to previously described methodologies 51 and all data were collected and preprocessed using the Leginon 52 and Appion 53 software packages, respectively.
Apo TRPV3
Movies of apo TRPV3 were collected using a Thermo Fisher Titan Krios transmission electron microscope (TEM) operating at 300 keV with a Gatan K2 Summit direct electron detector (DED) operating in super-resolution mode (1.31 Å physical pixel size) at a nominal magnification of 22,500x. Movies were collected over a 12 second exposure with an exposure rate of ~9 e-pixel -1 s -1 , resulting in a total exposure of ~63 e-Å -2 , using a defocus range of -0.5 m to -2 m. Motion correction was initially performed using Motioncorr 54 and the unweighted summed images (Fourier binned 2 × 2) were used for CTF estimation using CTFFIND4 55 (whole micrograph CTF estimation) to remove those micrographs with a confidence of fit below 90% were eliminated from further processing. Difference of Gaussian (DoG) picker 56 was used to automatically pick particles from the first ~100 micrographs and then subjected to reference-free 2D classification using multi-variant statistical analysis/multi-reference alignment (MSA/MRA) 57 (5.24 Å/pixel, 64 pixel box size). The best 2D classes that represented orthogonal views of TRPV3 were then used for template-based particle picking using FindEM 58 . A final stack of 361,244 particle picks were then subjected to reference-free 2D classification using RELION 59 version 1.4 (5.24 Å/pixel, 64 pixel box size) with the best 215,346 particles were subsequently 3D auto-refined using a 20-Å lowpass-filtered TRPV2 structure (EMDB-6455) as the initial model. Refined particles were then re-centered and re-extracted binned 2 × 2 (1.31 Å/pixel, 256 pixel box) and 3D auto-refined using a scaled version of the binned 8 × 8 map as the initial model. Particle movement and dose-weighting were then performed using the "particle polishing" feature as implemented within RELION. A smoothened plot of the per-frame B-factor and intercepts (SI Figure XX) were then used to calculate the frequency-dependent weighting. These "shiny" particles were then 3D auto-refined to yield a 3.95 Å resolution reconstruction (C1 symmetry). This reconstruction exhibited C4 symmetry. Subsequent no-alignment 3D classification using a mask generated against the full molecule low-pass filtered to 10 Å yielded a single good class that refined to 3.6 Å resolution (C4 symmetry). During the preparation of this manuscript the frame-alignment software MotionCor2 60 was released so the 282,136 particles contributing to the 3.6 Å resolution reconstruction were then re-centered and re-extracted from micrographs that had been aligned and dose-weighted using MotionCor2 without binning (0.655 Å/pixel) with per-particle CTF values as estimated using gCTF 61 . These particles were subjected to 3D classification where the best resolved class was subsequently 3D auto-refined to 3.5 Å resolution (C4 symmetry). These particles (120,424) were then subjected to a no-alignment 3D classification using a soft mask of the full molecule. The best resolving class (27, 620 particles) was then 3D auto-refined (C4 symmetry) to a final resolution of 3.4 Å, as estimated by gold-standard FSC 0.143 criterion 62, 63 .
Sensitized TRPV3
Movies of sensitized TRPV3 were collected on a Talos Arctica (Thermo Fisher) TEM operating at 200 keV. Movies were collected using a K2 Summit DED in counting mode at a nominal magnification of 45,000x corresponding to a physical pixel size of 0.915 Å/pixel. A total of 2,982 movies (47 frames/movie) were collected using a 12 second exposure with an exposure rate of ~4.7 e-/pixel/s, resulting in a total exposure of ~67 e-/Å 2 and a nominal defocus range from -0.8 µm to -1.4 µm. MotionCor2 was used to perform motion correction and dose-weighting. Unweighted summed images were used for CTF determination using CTFFIND4. FindEM was used for template-based particle picking using templates previously generated of apo TRPV3, yielding a stack of 559,206 picks that were binned 4 x 4 (3.66 Å/pixel, 112 pixel box size) and subjected to reference-free 2D classification using RELION 2.1 64 . A total of 339,693 particles corresponding to the 2D classes displaying the strongest secondary-structural elements were input to 3D auto-refinement in RELION without symmetry imposed. The apo TRPV3 volume was low-pass filtered to 30 Å and used as an initial model. The refined coordinates were used for re-centering and re-extraction of 2 x 2 binned particles (1.83 Å/pixel, 224 pixel box size) and subjected to 3D classification (k=6) using a soft mask generated from the full molecule. A single class exhibiting C4 symmetry (44,553 particles) was 3D auto-refined with a soft mask and C4 symmetry applied to yield a ~3.7 Å reconstruction. These particles were re-centered and re-extracted unbinned (0.915 Å/pixel) and auto-refined to obtain a final resolution of ~3.24 Å (C4 symmetry).
TRPV3 with 2-APB
Movies of TRPV3 in the presence of 2-APB were collected on a Talos Arctica equipped with a K2 Summit DED operating in counting mode. Images were collected at a nominal magnification of 36,000x corresponding to a physical pixel size of 1.15 Å/pixel. A total of 1,908 movies (60 frames/movie) were collected using a 15 second exposure with an exposure rate of ~5.3 e-/pixel/s, resulting in a total exposure of ~60 e-/Å 2 and a nominal defocus range from -1.2 µm to -2 µm. All pre-processing (e.g. frame alignment, doseweighting, CTF estimation, and particle picking) was performed as described above. A stack of 897,643 picks (binned 4 x 4, 4.8 Å/pixel, 72 pixel box size) were subjected to referencefree 2D classification in RELION. A subset of 589,656 particles corresponding to the best 2D classes were subsequently 3D auto-refined with C4 symmetry imposed, using the apo TRPV3 volume low-pass filtered to 30 Å as an initial model. The particles were then subjected to 3D classification (k=6) without alignment, using a soft mask generated from the full molecule. A subset of 397,536 particles were selected and subsequently re-centered and re-extracted unbinned (1.15 Å/pixel, 288 pixel box size) and 3D auto-refined with C4 symmetry imposed to yield a ~3.6 Å reconstruction. An additional round of 3D classification (k=6) without alignment and without symmetry imposed revealed one state exhibiting C4 symmetry and two distinct states exhibiting C2 symmetry, which subsequently refined to ~3.5 Å (TRPV3 2-APB 1 , C4 symmetry), ~4 Å (TRPV3 2-APB 2 , C2 symmetry), and ~4 Å (TRPV3 2-APB 3 , C2 symmetry), respectively.
Model Building and Analysis.
The apo TRPV3 model was built in the cryo-EM electron density map in Coot 65 , using the structure of TRPV2 (PDB 5AN8) as a template for the transmembrane domains and the structure of the human TRPV3 ankyrin repeat domains 44 (PDB 4N5Q) as a template for the ARD. The structure was real-space refined in Coot, with ideal geometry constraints where appropriate. The model was iteratively refined using the phenix.real_space_refine command line 66 68 . All analysis and structure illustrations were performed using Pymol 69 and UCSF Chimera 70 .
Normal Mode Analysis.
Normal mode analysis was performed on the apo TRPV3 structure using the backbone (Cα) atoms using the program ProDy 71 as recommended by the developers.
Electrophysiology.
HEK293T cells (62312975 -ATCC) were grown in DMEM supplemented with 10% FBS (Gibco), 1% penicillin/streptomycin (Gibco) and were sustained at 37ºC in 5% CO 2 . Cells between passage 10 -30 grown in 40-mm wells were transiently transfected at ~50% confluency with plasmids encoding for either WT or T96A TRPV3 and green fluorescent protein (GFP) using FuGene6 (Promega). 24 hours post transfection, cells were reseeded onto 12-mm round glass coverslips (Fisher) and used 12 -24 hours after for electrophysiological measurements. 
Voltage
